Objective: The purpose of this study was to investigate associative learning effects in patients with prodromal Alzheimer's disease (prAD) by referring to the Temporal Context Model (TCM; Howard, Jing, Rao, Provyn, & Datey, 2009), in an attempt to enhance the understanding of their associative memory impairment. TCM explains fundamental effects described in classical free-recall tasks and cued-recall tasks involving overlapping word pairs (e.g., A-B, B-C), namely (1) the contiguity effect, which is the tendency to successively recall nearby items in a list, and (2) the observation of backward (i.e., B-A) and transitive associations (i.e., A-C) between items. In TCM, these effects are hypothesized to rely on contextual representation, binding and retrieval processes, which supposedly depend on hippocampal and parahippocampal regions. As these regions are affected in prAD, the current study investigated whether prAD patients would show reduced proportions of backward and transitive associations in free and cued-recall, coupled to a reduced contiguity effect in freerecall.
Introduction
2007), every patient had at least one positive biomarker (3/3 positive biomarkers in 47% of patients; 2/3 positive biomarkers in 35% of patients: amyloidosis and hippocampal atrophy in half of these patients, hypometabolism and hippocampal atrophy in the remaining half; 1/3 positive biomarker in 18% of patients: amyloidosis). Older controls were selected to have all the biomarkers negative. Table 2 reports the biomarker median, quartiles 25 and 75 for each group.
The clinical assessment excluded any participant suffering from a known neurological condition, psychiatric disease, or substance abuse. Dementia according to the DSM-IV-TR criteria (American Psychiatric Association, 2000) was excluded via clinical interviews with experienced clinicians (IA, HB) and the diagnosis was supported by functional standardized scales.
Materials
The material and procedure were adapted from Howard et al. (2009) study which was conducted in young adults. Pilot experiments were carried out in order to calibrate the task and avoid floor effects in older participants. The definitive task version was tested in a group of 30 young adults (15 women/15 men; Mage = 21.7 years, SDage = 2.1) and an independent group of 9 healthy older adults (5 women/4 men; Mage = 68.3 years, SDage = 4.0) prior to testing the current participants. In this final task version, the number of to-be-memorized word pairs was reduced from 36 to 27. Twenty-seven French nouns were selected to form these pairs from the Brulex (Content, Mousty, & Radeaux, 1990) and Lexique 3.80 computerized lexical databases (www.lexique.org; Lexique 3 version; New, Pallier, Ferrand, & Matos, 2001 ) by controlling the word frequency (M = 21.68, SD = 30), the imageability (M = 4.26, SD = 0.79), the word length (M = 6.77 letters, SD = 1.68), and the word monosemy/polysemy. Semantic and phonological relationships among words were also Quenon -Associative learning in prodromal AD 9 controlled to limit the influence of a semantic or phonological proximity effect that could affect the recall order (Howard & Kahana, 2002) .
Words were the same for all subjects but each participant learned a different set of 27 pairs.
The word list was randomized for each participant. Each word was then used twice to create overlapping pairs, once in the first and once in the second position (e.g., parcel-cherry; cherry-samba, samba-barn). The last word of the list was paired with the first word to create an underlying circular linked-list.
Procedure
Participants learned the 27 pairs during four study-test sessions each divided in three blocks (Fig. 2a) .
[ INSERT FIGURE 2 HERE] Each block contained nine pairs displayed three times continuously in three randomized cycles before being tested (Fig. 2b) . The pairs composing each block were selected pseudorandomly as a constraint prevented pairs sharing one identical word (e.g., parcel-cherry; cherry-samba) to be displayed in the same block in order to maximally limit the conscious detection of the underlying linked-list. Words composing pairs were presented vocally and visually on a black computer screen one at a time in white uppercase font for 1500 ms. A black screen was shown for 150 ms between words within pairs, and for 2700 ms between pairs. These durations were longer (×1.5) than in Howard et al. (2009) . Subjects were required to remember word pairs for a subsequent cued-recall test. After a 30-s distractor task involving arithmetic problems (i.e., A+B = ?, with A and B being integers from 0 to 9), participants underwent a cued-recall test. The first word of the nine pairs was individually presented as a cue for a response with the second word. Cueing words were displayed in random order for 7.5 s each. Subjects were asked to read aloud each probing word and vocally recall the associated word. Feedbacks were orally provided by the experimenter after each cued-recall trial and were of two types: (1) positive feedback when the answer was correct, (2) corrective feedback (i.e., the correct word pair) when the answer was wrong or the subject did not give any answer. A black screen with a fixation cross was shown for 1800 ms between each cued-recall trial. Responses were recorded with a graphical interface designed in MATLAB. This entire block procedure was applied for every block in each study-test session.
Each pair was shown 12 times in total. A short break was allowed after each of the first three study-test sessions. After the fourth study-test session, participants were given a final 30-s distractor task and underwent an unexpected FFR test. They were encouraged to vocally recall a maximum of single words from the task during 5 min. An individual session lasted 1.25 to 1.5-h.
Data analyses
Statistical analyses were performed using IBM SPSS Statistics software (Version 20.0).
We first analyzed the performance in the study-test sessions by examining the learning curves in each group. In addition, we analyzed the mean percentage of correctly recalled pairs over the four study-test sessions, the percentage of correctly recalled pairs at the end of the learning phase (i.e., in the 4 th study-test session), as well as omission errors made over the four study-test sessions. Omission errors occurred when participants did not give the correct answers. We reported the ratio of four omission error types: (1) no answer, (2) backward intrusions (i.e., words at lag -1 in the underlying linked-list), (3) transitive intrusions (i.e., words at |lag| = 2), and (4) remote intrusions (i.e., words at |lag| > 2). These ratios were calculated by dividing the number of each omission error type by the total number of omission errors (i.e., number of times that the subject did not give the correct answer). This calculation method led to the loss of one older control as the denominator was equal to 0, meaning that this subject did not make any omission error.
Next, we reported the total number of correctly recalled words in the FFR. We examined the recall transitions in the FFR by computing an alternate measure to the lag-CRP measures used in previous studies (Howard et al., 2009; Kahana et al., 2002) . Lag-CRPs are calculated by dividing the number of times transitions at each lag were made by the number of times these transitions could have occurred (Howard et al., 2007) . This approach requires fairly large data sets to provide reliable data (e.g., 1200 free-recall trials; Kahana, 1996) . In this study, as there was one FFR trial per participant, we computed, instead of the lag-CRP measures, the proportion of each possible transition during the FFR as a function of the lag between the items in the underlying linked-list. Here, the number of transitions at each lag was divided by the total number of transitions that the participant made during the FFR. Importantly, the denominator of transition proportions therefore remained the same for each lag in the same participant, while in the lag-CRP measures a denominator is computed for each lag. It is furthermore noteworthy that this calculation method should make indices of interest (described below) relatively insensitive to potential group differences in overall performance.
In the current study, lags ranged from -13 to -1 and +1 to +13, as there were from each recalled word 13 possible forward and 13 possible backward transitions in the circular underlying linked-list of 27 words. Three kinds of transition were ignored in the calculation of the transition proportions: (1) transitions between immediately repeated words (e.g., volcanocupboard-cupboard…), (2) transitions from and towards intrusions (i.e., words that did not belong to the list), and (3) repeated transitions (e.g. , volcano-cupboard-barn-volcanocupboard…) . In the latter case, only the first transition was taken into account in order to prevent an artificial inflation of the number of any transition.
Statistical analyses were performed on the proportion of nearby forward and backward transitions in the FFR (i.e., +1 and -1 transitions). In addition, we created a 'Transitive
Associations Index' to measure the proportion of transitions at |lag| = 2, which mirrors transitive associations between words in comparison to transitions to remote lags (i.e., > 4):
. This index is unitless and comprised between +1 and -1.
Non-parametric tests were computed when parametric test assumptions were not met. As the educational level significantly differed between groups, this parameter was entered as covariate in ANCOVAs. Moreover, given that the current memory task implied other cognitive abilities than associative learning processes, such as processing speed, we also introduced as covariate the available corresponding cognitive measure (i.e., "TMT B-A time"
index) in order to verify that the significant group effects were not attributable to group differences in more basic abilities. It is effectively noteworthy that the "TMT B-A time" index (Table 2) was significantly higher in patients than in older controls, U = 65.5, p = .010, r = -.44, which suggests that patients may present a lower processing speed than older controls.
Two-tailed statistical tests were performed for every measure, except for the measures of interest (i.e., backward and transitive intrusions in cued-recalls, proportions of nearby forward and backward transitions in the FFR, and Transitive Associations Index) as the hypotheses relative to these measures were directional (i.e., one-tailed tests).
Results

Study-test sessions performance.
Figure 3 displays the learning curves across the study-test sessions for each group.
[INSERT FIGURE 3 HERE]
The shape of the learning curves appeared similar in both groups while the performance at each time point appeared to differ between groups. Analyses highlighted that the percentage of correctly recalled pairs across the four study-test sessions was significantly lower in prAD patients compared to older controls, U = 17.5, z = -4.38, p < .001, r = -.75 (Table 3) .
Similarly, the percentage of correctly recalled pairs at the end of the learning (i.e., in the 4 th study-test session) was significantly lower in patients than in older controls, U = 19.0, z = -4.35, p < .001, r = -.75 [INSERT TABLE 3 HERE] However, the analyses relative to omission error ratios did not reveal any significant difference between the two groups (i.e., no answer ratio, U = 98.00, z = -1.37, p = .18, r = -.24; backward intrusions, U = 136.00, z = 0.00, p = .50, r = .00; transitive intrusions, U = 122.00, z = -0.62, p = .32, r = -.11; remote intrusions, U = 110.50, z = -0.92, p = .36, r = -.16).
FFR performance and recall transition analysis.
PrAD patients recalled significantly fewer words than older controls, U = 24.00, z = -4.18, p <
.001, r = -.72 (Table 3 ). patients in an attempt to enhance the understanding of the associative memory deficit occurring in prAD. Based on TCM, it was reasonable to expect that, compared to older controls, prAD patients demonstrate reduced proportions of backward and transitive associations in free and cued-recall as well as a reduced contiguity effect in free-recall, given that the hippocampal and parahippocampal alterations occurring in prAD may disrupt the contextual representation, binding and/or retrieval processes. We tested this hypothesis by submitting prAD patients and healthy older adults to a memory task inspired by Howard et al.
(2009) that coupled a cued-recall task involving overlapping word pairs and a FFR task.
Results revealed that the mean percentage of correctly recalled pairs over the cued-recalls in the study-test sessions as well as the performance at the end of the learning phase (i.e., in the 4 th study-test session) were significantly lower in prAD patients than in older controls. These findings are in accordance with the previous studies that highlighted poorer associative memory performance in prAD patients than in older controls (Atienza et al., 2011; Hampstead et al., 2011; Hanseeuw et al., 2011; Sperling, 2007; Troyer et al., 2012; Troyer et al., 2008) .
However, contrary to our hypothesis, prAD patients did not significantly produce fewer backward and transitive intrusions in cued-recall over the four study-test sessions. This finding may be linked to two factors. First, in the current paradigm, participants were asked to answer to the cueing word with the correct word pair, without any supplemental encouragement in case of doubt. However, in previous studies using TCM (e.g., Provyn et al., 2007) , participants were instructed to respond to the probing word even when they were not completely certain of the correct response. Consequently, as suggested by the high no answer ratio found in both groups of the current study (Table 3) , participants may have preferred not to respond when they were not certain of the correct response, which may have prevented any group difference to emerge for the proportions of backward and transitive intrusions over the four study-test sessions. Second, it is possible that, contrary to our expectation, the processes that underlie the production of backward and transitive intrusions in TCM are not affected in prAD patients compared to older controls. However, given the results detailed in the next paragraphs, we tend to favor the first explanation.
The examination of the transition proportion in the FFR as a function of lag actually showed that the curves were flattened in prAD patients compared to older controls (Fig. 4) , suggesting a reduction of the contiguity effect in prAD patients compared to older controls. It is noteworthy that the shape of the transition proportion curves in older controls appeared similar to the shape of the lag-CRP curves evidenced in previous studies ( Fig. 1 ; Golomb et al., 2008; Howard et al., 2006; Kahana et al., 2002) . After controlling for the educational level and the current processing speed estimate (i.e., TMT B-A time), the nearby forward and backward transition proportions in the FFR were numerically but not significantly lower in prAD patients than in older adults. Nevertheless, while it was not statistically significant, the group effect on the backward transition proportion was of medium size. The sample size may be responsible of this lack of power as the two groups were relatively small. However, this was linked to the participant selection procedure which included an extensive neuropsychological and biomarker assessment. Finally and overall, the current study highlighted that prAD patients obtained a Transitive Associations Index that was significantly lower than in older controls, even after controlling for the educational level and the processing speed estimate. This robust finding may be linked to the equation used for calculating the Transitive Associations Index, which encompassed a considerable proportion of lags and therefore probably better characterized than the other indices the associative structure that was developed in memory for the studied list.
Within TCM, contextual learning is especially required for the formation of backward and transitive associations between the items of an overlapping word pair list (Howard et al., 2009) . Interestingly, the current results showed that two proxies of contextual learning processes (i.e., the backward transition proportion and Transitive Associations Index in the FFR) were lower in patients compared to older controls. Our findings may therefore suggest that the item-context binding is disrupted in prAD patients compared to older controls. This is in accordance with the postulated anatomical substrate for this process, which is the hippocampus (Howard et al., 2005) , and the fact that prAD patients demonstrated in the present study clear hippocampal atrophy compared to older controls ( Table 2 ). The mapping hypothesis of Howard et al. (2005) proposes that the contextual representation rely on parahippocampal regions. It is therefore possible that the reduced proportions of backward and transitive associations in patients also reflect, at least partly, a disruption of the contextual representation process, as parahippocampal regions are also affected since the early stages of AD (Ries et al., 2008) . Future studies should attempt to disentangle the disrupted processes in prAD by fitting the TCM on the experimental data and examining which parameter among the parameter weighting the contextual retrieval process and/or the parameter weighting the contextual representation is particularly affected in prAD.
Another interesting research avenue could be to compare the transition patterns in different patient subgroups. In the current study, we constituted one patient group by referring the revised research criteria for "prodromal AD" (Dubois et al., 2007) . The comparison between patients with both positive amyloid and neurodegeneration biomarkers and patients with negative amyloid biomarker but positive neurodegeneration biomarkers could make a major contribution given that there are debates regarding the effects of amyloid deposition on cognitive functioning.
The current study has limitations. It should be first emphasized that the high educational level and the relatively small size of our samples may limit our finding generalizability. Moreover, the current design solicited processing speed and working memory abilities, in addition to associative learning processes. In this article, the potential confound linked to processing speed differences between groups was controlled by introducing the available processing speed measure (i.e., TMT B-A time) in ANCOVAs. These analyses revealed that this processing speed estimate was not significantly related to any of our measures of interest.
Nevertheless, as this processing speed estimate is limited, future work should more formally ascertain that the current findings are not attributable to group differences in more basic abilities than associative learning processes.
In conclusion, the current study aimed at investigating associative learning effects using TCM in an attempt to clarify the mechanisms that may underlie the associative memory impairment in prAD. The apparent reduction of the contiguity effect coupled with reduced proportions of backward and transitive associations in the free-recall of prAD patients in comparison to older controls suggest that the contextual representation, binding and/or retrieval processes are more affected in prAD than in aging, which may contribute to the general episodic memory impairment observed in prAD. The current study suggests that the examination of the recall transitions may be an interesting method for further research as it may increase the understanding of the episodic memory impairment in prAD. The present research moreover reinforces the relevance of including associative memory tasks in the diagnosis procedure. Table 2 Cognitive performance and AD biomarker scores for the older controls and patients' groups. sharing one identical word (e.g., parcel-cherry; cherry-samba) to be displayed in the same block. DT = distractor task. 
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